To further understand the mechanism(s) by which DNA damage activates p53, we analysed the expression levels of p53 and HDM2 (the human homolog of murine MDM2) in various human diploid ®broblast and tumor cell strains during the period that precedes activation of known downstream eectors of p53. In X-irradiated human cells, HDM2 protein was rapidly phosphorylated in serine/threonine residues in a p53, p14
Introduction
Upon cellular exposure to DNA damaging agents and other stressful stimuli, p53 protein levels and/or activity are often increased mainly by unique post-translational events (Kuerbitz et al., 1992; Maki et al., 1996) . Depending on the cell type, activation of p53 mediates either a cell cycle arrest or apoptosis that result in preventing the cell from replicating and segregating damaged DNA molecules, hence reducing the probability of initiation of malignant transformation. However, the molecular mechanisms by which p53 is activated are not completely understood. Upon cellular exposure to stressful stimuli, the p53 protein undergoes unique modi®cations including phosphorylation/dephosphorylation and acetylation events that are stress, species and cell type dependent, with unique pathways being invoked by dierent stresses (Giaccia and Kastan, 1998; Meek, 1999) . Much emphasis has been on p53 phosphorylation by stress-activated proteins. Phosphorylation of p53 at its amino terminal region suggests a destabilization of its interaction with MDM2/HDM2 that contributes to its accumulation (Prives, 1998) . However, the signi®cance of most of the p53 phosphorylation events to p53 stabilization in cells exposed to DNA damaging agents has been put in doubt by mutagenesis studies with p53. When known phosphorylation sites, including those that are targets for ATM and DNA-PK were mutated, p53 was still stabilized and activated in response to ionizing radiation (Abraham et al., 1999; Blattner et al., 1999) , indicating that several of the p53 phosphorylated residues in DNA damaged cells may not be essential or sucient for its stabilization. Recent evidence, however, indicates that phosphorylation of serine 20 of p53 weakens its interaction with HDM2 (Chehab et al., 1999; Unger et al., 1999) and is essential for its stabilization in cells exposed to ultraviolet or ionizing radiation (Chehab et al., 1999) . Serine 20 has recently been shown to be a target of ATM-dependent chk2 protein (Kong et al., 2000) . ATM is critical for the initial phase of p53 accumulation in cells exposed to ionizing radiation (Rotman and Shiloh, 1999) and additional targets subject to covalent modi®cation or modulation of expression levels by ATM or ATMdependent proteins could exist. Such targets may include HDM2/MDM2 and/or other proteins.
The MDM2 negative regulation feedback loop (Haupt et al., 1997; Kubuttat et al., 1997 ) is central to maintaining p53 at a low level by promoting its degradation. In cells exposed to ionizing radiation, MDM2 is transcriptionally induced by p53, and then complexes with p53 and blocks not only its transcriptional activity (Momand et al., 1992) but also targets it for degradation by the proteasome pathway (Haupt et al., 1997; Freedman et al., 1999; Honda et al., 1997) . MDM2 is thought to function as an E3 ubiquitin ligase that allows the ubiquitination of p53 (Honda et al., 1997) . Although p53 has been shown to be fully capable of nuclear export independent of MDM2 (Stommel et al., 1999) , the mutations of nuclear import or export signals of MDM2 which disable MDM2 shuttling between the cytoplasm and nucleus inhibit its ability to accelerate p53 degradation (Roth et al., 1998) . Consequently, the inhibition of complex formation of p53/MDM2 and possibly other proteins that may regulate this interaction (Grossman et al., 1998; may modulate p53 activity. Separate and independent mechanisms involving the product of the alternate reading frame (p14 ARF in humans) can also prevent the MDM2-mediated destruction of p53 (Pomerantz et al., 1998; Tao and Levine, 1999) . As well, the relative levels of MDM2 and p53 in a cell can conceivably control the inhibition of p53 by MDM2 (Bottger et al., 1997; Finlay, 1993; Midgley and Lane, 1997) . Transfection of antisense MDM2 constructs increased p53 levels in a variety of cell lines . In related studies Wu and Levine (1997) have shown that in response to high dose UV irradiation of mouse cells, MDM2 transcript level was decreased by 2.5 to 5 h after exposure. Recent studies by Blattner et al. (1999) have shown that the level of MDM2 has a major eect on the transcriptional function of p53.
To further understand the mechanisms that regulate p53 activation in cells exposed to DNA damaging agents, we analysed the expression levels of p53 and HDM2 in the period that precedes activation of known downstream eectors of p53 such as p21
Waf1 in human cells exposed to ionizing radiation. We show that in Xor g-irradiated human diploid cells and p53 wild-type tumor cells, HDM2 protein levels are signi®cantly modi®ed by phosphorylation by 5 ± 15 min after exposure which precede detectable increases in p53 protein levels. The phosphorylation of HDM2 rendered it unrecognizable by a speci®c monoclonal antibody to an epitope within amino acid residues 154 ± 167, thus resulting in an apparent diminution in its levels on Western blots. Similar to the ®ndings of a contemporaneous study by Khosravi et al. (1999) in human lymphoblasts, phosphorylation of HDM2 occurred in a p53-independent and ATM-dependent manner. Furthermore, we show that ATM complexes with HDM2, and we exclude regulation of HDM2 mRNA levels or protein stability as being involved in its early apparent down-regulation. To investigate the nature of the DNA lesion signaling the phosphorylation of HDM2, the eects of X-and UV-irradiation on human cells were compared. The ATM-promoted phosphorylation of HDM2 in human cells exposed to ionizing radiation could be a potential mechanism that ensures stabilization and activation of p53.
Results

HDM2 expression is apparently rapidly down-regulated in X-irradiated human cells
Up-regulation of MDM2 expression by ionizing radiation 2 ± 3 h after exposure has been well characterized. However, a detailed time course of HDM2 expression in human ®broblasts exposed to X or g-rays at earlier post-exposure times has not been examined. In an eort to study upstream events of p53 activation in irradiated cells, we explored whether the increase in p53 levels correlates with an early modulation in HDM2 expression. We exposed quiescent AG01522 normal human diploid ®broblasts to a 4 Gy dose of Xrays (which reduces clonogenic survival to the 10% level) and then collected samples at dierent time points thereafter. The data in Figure 1a are Western blot analyses of HDM2, p53 and p21
Waf1 expression levels. As previously described (Olson et al., 1993) , multiple HDM2 polypeptides were also recognized by the SMP14 antibody used in our studies. Compared to respective non-irradiated control cells, a signi®cant decrease in the expression of the major HDM2 polypeptides is observed within 15 min post-exposure in irradiated cells. The decreased levels (2.5 ± 3-fold as measured by densitometry) of HDM2 persist for at least 1 h post-irradiation. By 2 h, as expected, HDM2 and p21
Waf1 expression levels were increased in irradiated cells. The data indicate that the initial decrease in HDM2 expression preceded any signi®cant increase in p53 levels detectable by 30 ± 45 min postirradiation, and is very sensitive as it was observed in AG01522 cells exposed to 0.3 Gy, a dose that yields over 90% clonogenic survival (data not shown). Rapid decreases in HDM2 expression levels were also observed post X-irradiation of proliferating AG01522 cells ( Figure 1b ) and in proliferating and quiescent GM06419 human diploid ®broblasts at times as early as 6 min post-irradiation (data not shown).
The apparent decrease in HDM2 expression by X-radiation in human cells is p53, p14 ARF and p73-independent To investigate the p53 dependency of the initial apparent decrease in HDM2 expression in response to ionizing radiation, we exposed a panel of 16 human tumor cell strains with dierent intrinsic sensitivity to ionizing radiation and p53 status (see Table 1 ) to a 4 Gy X-ray dose. In every case, HDM2 expression was down-regulated at early times post-irradiation. The representative data in Figure 2a show the pattern of HDM2 expression during a 4 h post-irradiation period in GBM-11T (p53 ) cells. While HDM2 levels were increased by 2 ± 4 h after irradiation in p53 wild-type cells, its levels remained down-regulated up to 4 h after irradiation in p53 negative cells, as compared to control nonirradiated cells. These results therefore indicate that the early apparent decline in HDM2 expression is independent of p53 status and intrinsic radiosensitivity. To investigate whether other proteins previously described to interact with HDM2 (Pomerantz et al., 1998; Zeng et al., 1999) may have a role in the initial down-regulation of its expression, quiescent monolayer cultures of human tumor p53 null cells that are also either p73 (Saos-2) or p14 ARF (SK-OV-3) null were exposed to a 4 Gy X-ray dose. The data in Figure 2a indicate that, similar to p53 wild-type and null cells, HDM2 expression is rapidly down-regulated in X- Figure 1 (a) HDM2 protein levels in X-irradiated human cells. Quiescent, density-inhibited AG01522 normal human diploid ®broblasts were exposed to 4 Gy (0.74 Gy/min) and held at 378C. Cell lysates from irradiated (X) and respective control nonexposed cultures (C) were prepared at the indicated times after irradiation and examined by Western blot analyses with anti-MDM2 (SMP14), anti-p53, anti-p21
Waf1 and anti-PCNA. (b) HDM2 protein levels in proliferating AG01522 cells at dierent times after X-irradiation irradiated p14 ARF and p73 null cells. Decreased levels were evident by 15 min after the exposure period and at least up to 4 h later suggesting that HDM2 regulation in X-irradiated cells, during this period, is p14 ARF and p73-independent. To con®rm that the down-regulated band in Figures 1 and 2 is indeed that of HDM2, control and irradiated protein lysates from various cell strains were analysed on the same gel. The data in Figure 3 indicate, as expected (Landers et al., 1997) , over-expression of HDM2 in HCT116 and U2-OS cells and under-expression in p53 7 SK-OV-3 cells. In all cell strains, HDM2 expression was decreased at 30 min post-irradiation.
The initial apparent decrease in HDM2 protein expression in irradiated human cells does not occur at the mRNA level, and does not involve protein degradation by the proteasome, calpain or caspase pathways
To investigate whether the altered HDM2 protein expression is due to altered transcript levels, we measured mRNA levels in control and X-irradiated AG01522 cells by RT ± PCR. The data in Figure 4 indicate that mRNA levels did not change at early times post-irradiation. By 3 h after exposure, as expected, HDM2 and WAF1 transcripts were signi®-cantly increased. Therefore, these data exclude transcriptional/post-transcriptional regulation as a factor in the early regulation of HDM2. Next, we investigated whether X-irradiation increases the synthesis of speci®c protein(s) that lead to HDM2 down-regulation. The protein synthesis inhibitor cycloheximide was added to control and X-irradiated AG01522 and GBM-11T cells at a concentration of 2 mM 30 min prior to exposure and remained present till harvest time. The data in Figure 4b show that in GBM-11T cells, HDM2 expression was signi®cantly decreased by 15 ± 30 min post irradiation in the presence or absence of cycloheximide indicating that other mechanisms are involved. Similar results (not shown) were obtained in AG01522 cells. Overall, the data indicate that in both cell strains the half-life of HDM2 is short and is about 30 min, which is consistent with other studies. The reduced expression levels of p53 in control and Xirradiated cells treated with cycloheximide ( Figure 4b ) ) cells were exposed to 4 Gy, held at 378C and harvested 15 min to 4 h later. Proteins were extracted and analysed by Western blot analysis with anti-MDM2 (SMP14) Figure 3 Western analysis of protein lysates from cell strains with normal, elevated and under-expressed HDM2 levels were exposed to 4 Gy, held at 378C and harvested 30 min later. Proteins were extracted and analysed by Western blot analysis with anti-MDM2 (SMP14). Insert areas show dierent exposures of the autoradiogram con®rm that this drug was biochemically functional in the treated cells, and exclude the possibility that a newly synthesized protein led to HDM2-down regulation. We also investigated whether HDM2 is possibly degraded shortly after irradiation by the proteasome, caspase or calpain mediated pathways. AG01522 or GBM11T cells were cultured in the presence of speci®c inhibitors of these pathways 3 h prior to irradiation. The protein analyses data in Figure 4c show that compared to respective non-irradiated control AG01522 cells, the expression of HDM2 was apparently decreased in all cases upon irradiation in the absence or presence of the inhibitors MG132, z-VAD-FMK and ALLN. The data in Figure 4d show that MDM2 is also decreased in GBM-11T cells in the presence of the proteasome inhibitor, lactacystin. The comparable levels of p53 in control and X-irradiated cells treated with inhibitors of the calpain or proteasome pathways, and the appearance of a ladder of protein bands with molecular weights larger than p53 consistent with ubiquinated forms of p53, indicate that these speci®c inhibitors were active. Collectively, these results (Figure 4c, d) suggest that proteolytic systems are not involved in the early apparent decreases in HDM2 levels.
The apparent decrease in HDM2 expression levels in X-irradiated cells is due to a covalent modification involving rapid phosphorylation of HDM2 Next, we investigated the possibility that upon X or girradiation, covalent modi®cation of HDM2 in the region of epitope recognition rendered it unrecognizable by the SMP14 antibody used. Therefore, a dierent antibody (Ab-1) was used in Western analysis of protein samples from various cell strains harvested 30 min after the exposure. Compared to control cells, the data in Figure 5a indicate much attenuated decreases in HDM2 expression levels in X-irradiated cells. These results are dierent from those in Figure 3 and the insert in Figure 5a where a signi®cant decrease in HDM2 levels is observed when the SMP14 antibody was used. Therefore, these results indicate that the apparent decrease in HDM2 levels in irradiated samples (Figures 1 ± 3 ) is due to modi®cation of the epitope recognized by SMP14.
The SMP14 monoclonal antibody recognizes an epitope within amino acid (aa) residues 154 ± 167 of HDM2 (Picksley et al., 1994) ), a peptide segment that include ®ve serines and one threonine residues. As putative phosphorylation of these residues may interfere with reactivity to the SMP14 antibody, protein lysates from control and irradiated samples of exponentially growing AG01522, GBM-11T, HCT116 and U2-OS cells were treated with protein phosphatase I that has activity towards phosphoserine/threonine residues. The representative data in Figure 5bII indicate that the previously observed results (Figures 1 ± 3) showing an early apparent diminution in the levels of HDM2 in cells exposed to ionizing radiation are due to a rapid phosphorylation of serine/threonine residue(s) in HDM2. Upon phosphatase treatment, similar HDM2 expression levels are observed in control and irradiated samples. The phosphorylation status of p34 cdc2 which has known serine, threonine and tyrosine phosphorylated residues (Boulikas, 1995) was monitored as a control of Figure 4 (a) mRNA levels of HDM2, WAF1 and the control gene b-MICROGLOBULIN in AG01522 cells 30 min to 3 h after X-irradiation. AG01522 cells were exposed to 4 Gy of X-rays, held at 378C and harvested at dierent times after irradiation. RNA was extracted and analysed by RT ± PCR in duplicate reactions. I: analysis of mRNA levels after radiation exposure, II: analysis of a serial dilution of RNA from control cells to monitor the exponential formation of the PCR product in I. (b) Eect of the protein synthesis inhibitor cycloheximide on HDM2 protein levels in X-irradiated GBM-11T cells. Cycloheximide (2 mM) was added 30 min prior to X-irradiation (4 Gy) and remained present until harvest time. Following irradiation the cells were held at 378C and were harvested for analysis at dierent times from 15 min prior to irradiation and up to 3 h later. Proteins were extracted and analysed by Western blotting for HDM2 expression using antibody SMP14 (C: control non-irradiated; CH: cycloheximide-treated control; X: X-irradiated; XH: cycloheximide treated and X-irradiated). (c) Apparent decreased levels of HDM2 in Xirradiated cells do not involve the proteasome, calpain or caspase pathways. AG01522 or GBM-11T cells were exposed to the caspase-3 inhibitor z-VAD-FMK, calpain inhibitor ALLN or to the proteasome inhibitors MG132 or lactacystin (d) 3 h prior to irradiation (4 Gy), held at 378C and harvested 15 min to 4 h later. Proteins were extracted and analysed by Western blotting for HDM2 expression using the SMP14 antibody the phosphatase reaction. The anti-p34 cdc2 antibody used recognizes both the non-phosphorylated (major lower band in Figure 5bI ) and the phosphorylated forms (higher molecular weight bands) (Azzam et al., 1997) . Phosphatase treatment signi®cantly reduced the levels of the phosphorylated forms in several repeat experiments (Figure 5bII ). Levels of a-tubulin were determined as loading controls.
Lack of HDM2 phosphorylation in X-irradiated AT cells correlates with lack of early accumulation of p53 protein Several studies have suggested that ATM is involved in the speci®c signaling pathway evoked by X-ray type damage Lavin and Khanna, 1999) . These studies implicate ATM as an upstream regulator that leads to p53 activation. Compared with normal cells, p53 accumulation in AT cells exposed to ionzing radiation is signi®cantly delayed and reduced Lavin and Khanna, 1999) . To investigate whether ATM has a role in the early phosphorylation of HDM2 in irradiated human cells, quiescent ®broblasts derived from three dierent individuals with AT were exposed to 4 Gy of X-rays. As expected, the Western analyses in Figure 6 indicate a small and delayed induction of p53 in AG04405 and GM02052 strains. Similar results were also obtained in AT5BI cells, and at lower doses (1.5 Gy) (data not shown). Importantly, the levels of HDM2 were unchanged in control and X-irradiated samples during a 24 h period post exposure suggesting a lack of phosphorylation of HDM2 and that the early HDM2 phosphorylation observed above (Figures 1 ± 5 is ATM-dependent.
ATM associates with HDM2 in human cells
To examine whether a direct association between ATM and HDM2 occurs human cells, we performed an IP-IB analysis in protein lysates of U2-OS cells that overexpress HDM2 (Figure 7a ) and in AG01522 normal human diploid cells (Figure 7b ). Proteins were immunoprecipitated with anti-MDM2 antibodies (SMP14 and Ab-1) in lysates from quiescent cells. The Western analyses data in Figure 7 indicate that ATM complexes with HDM2 in both U2-OS and AG01522 cells. The association of HDM2 with ATM was further con®rmed when the complex was immunoprecipitated with antibodies Ab-3 and 1A1 to ATM. The failure to detect ATM or HDM2 in complexes immunoprecipitated with a control antibody against MKK3/6 indicates speci®city of the interaction between ATM and MDM2 in vivo. Signi®cantly, the ATM/HDM2 complex was not detected in AG04405 AT homozygous cells (Figure 8b) .
Transfection of the wild-type ATM gene in AT cells restores the ability of these cells to rapidly down-regulate HDM2 expression upon exposure to ionizing radiation
To directly demonstrate the involvement of ATM in phosphorylation of HDM2 in X-irradiated cells, AG04405 AT cells were transfected with an expression vector containing the ATM cDNA. The data in Figure   Figure 6 Lack of HDM2 phosphorylation in X-irradiated AT ®broblasts revealed by unchanged levels in control and irradiated samples immunoblotted with SMP14 antibody. AG04405 and GM2052 ®broblasts were exposed to 4 Gy, held at 378C and harvested 15 min to 24 h later. Proteins were extracted and analysed by Western blot analysis. As expected p53 accumulation in X-irradiated cultures occurred at much later times than in normal irradiated cells Figure 6 . However, the ability to phosphorylate HDM2 by 30 min after exposure to X-rays was restored in cells transfected with the vector containing ATM cDNA (A). This is evidenced by the lack of recognition of HDM2 by the SMP14 antibody Hybridization of the same blot to p34 cdc2 , which is not regulated by ionizing radiation in AT cells (de Toledo et al., 1998) , shows that the decrease in HDM2 levels in cells transfected with the ATM cDNA is not due to unequal loading. These results, con®rmed in repeat experiments, directly implicate ATM in the rapid phosphorylation of HDM2 in cells exposed to ionizing radiation. The immunoprecipitation studies in Figure 8b con®rm the overexpression of ATM in the transfected cells. Importantly, when protein lysates from control and ATM cDNA transfected cells were immunoprecipitated with antibodies Ab-3 and 1A1 against ATM and examined by Western analysis, it was revealed that the overexpressed ATM complexes with HDM2.
Phosphorylation of HDM2 in irradiated human cells is induced by X-ray rather than UV type damage
Activation of p53 has been shown to occur in cells exposed to ionizing or ultraviolet radiation (Maltzman and Czyzyk, 1984; Nelson and Kastan, 1994) . To investigate whether the observed phosphorylation of HDM2 is a result of a general stress response or whether it is speci®c to the type of induced damage, we have exposed normal (AG01522) cells to X-or UV radiation. These two types of radiation produce dierent initial types of DNA lesions. Compared to the data in Figures 1 ± 3 showing an early apparent decrease in HDM2 levels, indicative of HDM2 phosphorylation, in X-irradiated cells, the data in Figure 9 indicate a lack of down-regulation of HDM2 expression up to 2.5 h post UV exposure. At later times (5 ± 14 h), as expected, HDM2 expression was induced as a result of p53 activation that occurs later in UV-exposed cells than in X-irradiated cells. Therefore, these results indicate that the rapid phosphorylation of HDM2 is dependent on the presence of X-ray type damage that consists predominantly of single and double strand DNA breaks rather than thymine dimers as is the case with UV damage. It is of interest to note the lack of eect of UV radiation in phosphorylating HDM2 in light of the lack of eect in X-irradiated AT cells, which show a normal p53 response upon UV irradiation. These results further support a role for ATM in the regulation of HDM2 in cells exposed to ionizing radiation, and support the hypothesis that dierent signaling pathways act in vivo to activate p53 following exposure to ionizing or ultraviolet radiation.
Discussion
Cellular exposure to DNA damaging agents results in the activation of speci®c kinases that phosphorylate p53 on several amino acid residues . The data presented in this study indicate that, in vivo, HDM2 is also a target of ATM or an ATM-dependent kinase. ATM is a pivotal protein involved in the early phase of the cellular response to ionizing radiation. We show evidence that ATM has a role in the phosphorylation of HDM2 in the period that precedes activation of p53 in Xirradiated cells (Figures 6 and 8 ) and that this role occurs independently of p53, p14 ARF or p73 (Figure 2 ). The ATM-dependent phosphorylation of HDM2 occurs in serine and/or threonine residues (Figure 5b ) and renders HDM2 less reactive with the SMP14 antibody resulting in apparent decreased expression levels after cellular exposure to ionizing radiation (Figures 1 and 2) . The rapidity of this response correlates with the fast increase in ATM kinase activity in irradiated cells (Prives, 1998; Banin et al., 1998) . HDM2 phosphorylation was found to be independent of intrinsic radiation sensitivity (Table 1) and proliferative state (Figure 1 ) of the cells, and is very sensitive as it was observed in cells exposed to a dose of X-rays that results in negligible cell killing. The apparent early decrease in HDM2 levels is due mainly to phosphorylation (Figure 5b ) as altered mRNA levels (Figure 4a) , treatment of the cells with cycloheximide (Figure 4b) or inhibitors of the proteasome, calpain or caspase pathways (Figure 4c,d) did not change the apparent decreased levels. Immunoprecipitation results (Figures 7 and 8b) indicate that ATM complexes with HDM2 in normal human cells (AG01522), tumor cells (U2-OS) and AT homozygous cells (AG04405) transfected with the ATM cDNA vector. Expression of the wild-type ATM protein in ATM de®cient cells (Figure 8a ) resulted in the same rapid phosphorylation of HDM2 observed in the various normal diploid and tumor cells, thus implicating a direct role for ATM in the regulation of HDM2 in the period preceding its induction by p53. These data, therefore, suggest that the defective p53 response observed following Xirradiation of AT cells (Figure 6 ) may be due, at least partly, to defective signaling pathway(s) that involve HDM2.
Our data with human ®broblasts and tumor cells implicating ATM in the rapid phosphorylation of HDM2 are consistent with those of Khosravi et al. (1999) . These authors found that exposure of human lymphoblastoid cells to ionizing radiation also results in a rapid phosphorylation of HDM2 that is ATMdependent and DNA-PK-independent. Furthermore they have detected, in in vitro studies, ATM phosphorylation of recombinant fragments of human (HDM2) or mouse MDM2 from the amino and carboxyl terminal regions. The highest degree of phosphorylation was observed in carboxyl-terminal fragments spanning aa residues 330 ± 491 in HDM2 and 328 ± 437 in its mouse counterpart. The SMP14 antibody recognizes an epitope within aa 154 ± 167 of HDM2 which includes ®ve serine and one threonine residues. Interestingly, the same PSTSS aa sequence present in the 154 ± 167 segment of HDM2 is also present in both the HDM2 and MDM2 carboxyl-terminal fragments with the highest degree of phosphorylation in the studies of Khosravi et al. (1999) . Whether ATM, or other ATM-dependent kinase(s), phosphorylate dierent regions of HDM2 in vivo, or whether SMP14 actually recognizes a non-phosphorylated epitope (e.g. PSTSS) that is also present in the carboxyl-terminal region of HDM2, remains to be determined. It is of interest to note that the 154 ± 167 amino acid segment is located between and near the region involved in HDM2 interaction with p53 and its nuclear localization signal sequence (Freedman et al., 1999) . While phosphorylation of p53 on at least serine 20 contributes to the dissociation of the p53/HDM2 complex, the contribution of the ATM-dependent phosphorylation of HDM2 to the destabilization of this interaction remains to be investigated.
Various genotoxic agents have been, previously, shown to activate dierent signaling pathways to relieve stress (Liu et al., 1996) . While p53 appears to be a universal sensor of genotoxic stress, the kinetics of its induction in UV and X-irradiated cells are dierent. Whereas it is induced fairly rapidly after cellular exposure to X-ray damage (Figure 1) , it is induced at later times in UV-irradiated cells (Figure 9 ). Furthermore, ubiquitination of p53 was found dierentially aected by ionizing and UV radiation (Maki and Howley, 1997) . Our HDM2 expression data in the period leading to p53 stabilization in ionizing and UV irradiated cells reveal yet additonal basic dierences in the molecular pathways induced by these two DNA damaging agents. Whereas HDM2 was phosphorylated in the period immediately following X-irradiation, it was unchanged in UV-irradiated cells (Figure 9 ), indicating as in the study of Khosravi et al (1999) that X-ray type and not UV-induced damage is essential for the early phosphorylation of HDM2. Interestingly, while p53 activation is defective in Xirradiated AT cells, it was found to be normal when AT cells were exposed to UV radiation (Khanna and Lavin, 1993 , and in our experiments, data not shown) further implying that dierent signaling pathways involving ATM act in the cellular response to ionizing and UV radiation. Collectively, our data and those of Khosravi et al. (1999) reveal novel molecular dierences in the way these two DNA damaging agents signal their cellular eects and in the response of normal and AT cells to ionizing radiation. Furthermore, these data suggest that the rapid induction of p53 in cells exposed to ionizing radiation may be due at least partly to the initial ATM-dependent phosphorylation of HDM2.
The fact that HDM2 is phosphorylated in Xirradiated cells in a p53-independent manner suggest that this signaling event is primordial to p53 activation and possibly has other cellular implications involving HDM2 in a p53-independent manner. In conclusion, much of the recent evidence converges to indicate that HDM2 is a target protein through which key regulators of the DNA damage response converge to regulate p53 activity and possibly other MDM2-dependent functions.
Materials and methods
Cell culture and transfections
The AG01522, GM06419, AT5BI, GM02052 and AG04405 human skin ®broblasts cell strains were obtained from the Genetic Cell Repository at the Coriell Institute for Medical Research (Camden, NJ, USA). The AG01522 cells are normal diploid ®broblasts, the GM06419 cells are diploid ®broblasts heterozygous for the retinoblastoma (RB) gene while the other strains were derived from individuals with AT. The AT status of these cells was further con®rmed in our laboratory by their hypersensitivity to ionizing radiation, their lack of G 1 checkpoint, their de®ciency in the repair of chromosomal damage (Little and Nagasawa, 1985) and by defective regulation of cell cycle regulated genes upon exposure to ionizing radiation (de Toledo et al., 1998) .
The source and tumor histology for each of the cancer cell strains used in this study are listed in Table 1 . The p53 status of the cells was determined either by PCR ± SCCP analysis and/or by Western blot analysis of p53 stabilization and transactivation of its downstream eector p21
Waf1 upon exposure to ionizing or UV radiation.
The cells were grown in Eagle's minimal essential medium (Gibco) supplemented with 15% heat inactivated fetal bovine serum, penicillin (50 U/ml) and streptomycin (50 mg/ml). They were maintained in a 378C humidi®ed incubator in an atmosphere of 5% CO 2 in air. Cells used for experiments were grown to plateau-phase in 60 mm polystyrene dishes at an initial seeding density of about 1.2610 5 cells per dish. The normal and AT cells were subsequently fed on days 4, 6 and 8 and experiments were started 48 h after the last feeding. Tumor cells were fed daily for 3 days after plating and for the last feeding, growth medium was replaced with medium containing 0.2 ± 1.0% fetal bovine serum. On the day of experimental treatment, 95 ± 98% of normal and AT cells were in G 0 /G 1 and less than 8% of tumor cells were in S phase as determined by labeling with 3 H-thymidine and/or ow cytometry. Cells in passages 5 to 14 were used in the various experiments. For experiments where proliferating cells were used, con¯uent cultures were subcultured to lower density (1 : 6) and treatments were started about 35 h later. Except for the radiation exposure, all control cells were handled in parallel with the test cells.
To determine the radiation sensitivity of the various strains, cell survival curves were generated by a standard colony formation assay, as previously described (Little and Nagasawa, 1985) . The dose (D 10 ) required to reduce survival to the 10% level for each cell strain is indicated in Table 1 .
To con®rm the involvement of ATM in the modulation of HDM2 expression in irradiated cells, AG04405 cells were transiently transfected with 10 ± 30 mg DNA of either pEBS7 empty vector or pEBS7-YZ5 construct that expresses the full length ATM protein. The vectors were kindly provided by Dr Yosef Shiloh (Sackler School of Medicine, Tel Aviv University, Ramat Aviv, Israel) (Ziv et al., 1997) . The transfections were done using a mammalian transfection kit (Stratagene, La Jolla, CA, USA) according to the manufacturer's protocol. About 16 ± 24 h after transfection, the cells were ®rst rinsed twice with MEM medium lacking serum followed by the addition of 24 h conditioned growth medium. Following a 3 ± 12 h recovery period, the cells were Xirradiated and incubated at 378C.
Irradiation
Cells were exposed to either X-rays (Philips MCN 165 industrial X-ray generator operated at 160 kVp and 18 mA at a dose-rate of 0.74 Gy/min) or 60 Co g-rays (United States Nuclear, at a dose-rate of 4.86 Gy/min). For UV irradiation, the growth medium was removed and the cells were rapidly rinsed once with EBSS. The salt solution was aspirated, and the cell monolayers were promptly exposed to UV radiation in an irradiator consisting of 5 UV bulbs that deliver 254 mm light at a dose rate of 0.35 J/m 2 /s as measured by a germicidal photometer (IL 254; International Light, Inc, Newburyport, MA, USA). Following irradiation, the same conditioned growth medium was immediately returned to the culture plates and the cells were incubated at 378C.
Inhibitors
The irreversible and cell permeable proteasome inhibitor lactacystin (Calbiochem) was dissolved in water and added to the cells at a 10 mM ®nal concentration. The proteasome inhibitor MG132, the calpain inhibitor I N-acetyl-leucylleucyl-norleucinal (ALLN) and the caspase-3 inhibitor z-VAD-FMK (Calbiochem) were dissolved in DMSO and added to the cells at respective concentrations of 40, 50 and 100 mM in growth medium. All inhibitors were prepared as 10006 concentrated stock solutions (except 5006 solution for MG132); they were added to the cells 3 h prior to irradiation and remained in the culture plates until cell collection.
Western analysis and immunoprecipitation
Following irradiation, the cells were held at 378C in 5% CO 2 atmosphere for various time intervals prior to harvesting for analysis. For analysis, the cells were trypsinized, pelleted, rinsed in PBS, repelleted and lysed in chilled RIPA buer (50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS). The RIPA buer was supplemented with the following protease and phosphatase inhibitors: PMSF (1 mM), aprotinin (1 mg/ml), pepstatin (1 mg/ml), leupeptin (1 mg.ml), sodium¯uoride (50 mM) and sodium orthovanadate (1 mM). The following antibodies against human proteins were used: Anti-MDM2 (SMP14) and anti-p34 cdc2 (sc-54) were obtained from Santa Cruz Biotechnology, antip21
Waf1 (Ab-1), anti-p53 (Ab-6), anti-MDM2 (Ab-1) and anti-ATM (Ab-3) were obtained from Oncogene Research Products and anti-ATM (1A1 from Genetex. Anti-a-tubulin (Ab-1), anti-PCNA (PC10) from Oncogene Research Products and anti-p34 cdc2 were used to verify whether the samples were equally loaded. Anti-MKK3/6 (New England Biolabs) was used as a control antibody in immunoprecipitation studies. Anti-(mouse, rabbit or goat) immunoglobulin-G (IgG) secondary antibodies conjugated with horseradish peroxidase (HRP) and the enhanced chemiluminescence system from New-England Nuclear or Pierce were used to detect the various proteins. For immunoprecipitation, the protein lysates were prepared in 0.5% Nonidet P-40 buer (50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.5% Nonidet P-40 and supplemented with the various inhibitors described above). The lysates were then diluted to obtain 0.2% Nonidet P-40 buer and 2 ± 3 mg of protein lysates were pre-cleared with normal IgG from the respective species where the antibody was developed. One mg of antibody was added per mg of protein lysate, and following a 16 h mixing at 48C. Protein A/G Plus-Agarose was added. After a further 4 h mixing at 48C, the lysates were pelleted and washed 36 with 0.2% Nonidet P-40 buer. The whole immunoprecipitate was then boiled and electrophoresed in a 6% SDS-polyacrylamide gel.
RNA extraction and RT ± PCR analysis
After incubation at 378C for dierent time periods, the cellular monolayers were rinsed with PBS, and RNA was extracted by the guanidinium thiocyanate-phenol chloroform method (Chomczynski and Sacchi, 1987) . The resulting RNA was resuspended in water to a ®nal concentration of 1 mg/ml. RT ± PCR analysis was carried in a manner that produced reliable semi-quanti®cation as we described previously (de Toledo et al., 1995) . Total RNA (5 mg) was reverse transcribed, and aliquots corresponding to 100 ng of RNA were submitted to PCR. Duplicate reactions were carried with sequential cycles of 958C for 30 s, 508C for 60 s, 728C for 30 s, and a ®nal step of 728C for 10 min. Serial dilution reactions were carried with 50 ± 200 ng of RNA from control cells to verify the exponential formation of the PCR product. For HDM2 the 5'-TCC TTA GCT GAC TAT TGG and 3'-CTA GAT TCC ACA CTC TC primers, 1.5 mM Mg 2+ and 25 cycles were used to amplify a 395 bp fragment. For WAF1 the 5'-CGTGAGCGATGGAACTTC and 3'-GGTA-GAAATCTGTCATGC primers, 1.5 mM Mg 2+ and 25 cycles were used to amplify a 318 bp fragment. For the b-MICROGLOBULIN control gene the 5'-AGCAGAGAATG-GAAAGTC and 3'-TGCTGCTTACATGTCTCG primers, 1.5 mM Mg 2+ and 17 cycles were used to amplify a 268 bp fragment.
Phosphatase treatment of protein lysates
Cell lysates were extracted in a buer consisting of 150 mM NaCl, 0.1 mM EDTA, 50 mM Tris (pH 7), 0.4% Nonidet P-40, 0.5 mM PMSF, 10 mg/ml each of aprotinin, leupeptin and pepstatin. Protein phosphatase I (New England Biolabs) with activity towards phosphoserine/threonine residues was added (8.75 units) to 60 mg of protein in a 50 uL reaction buer (1 mM MnCl 2 , 50 mM Tris-HCl pH 7.0, 0.1 mM EDTA, 5 mM DTT, 0.01 Brij 35) at 308C for 3 h.
